In the conventional surface plasmon resonance biosensor, the sensitivity using angular interrogation is low. Graphene/MoS 2 has been attached on the metal surface to improve the sensitivity; however, the ability to improve sensitivity is limited. Here, by sandwiching the MoS 2 sheets between two gold films in the Kretschmann configuration, we demonstrate an ultrasensitive surface plasmon resonance sensor. By optimizing the structure of sensor, we find that the sensitivity as high as 182 o /RIU can be realized with 4-layers MoS 2 and a monolayer graphene. Moreover, it is indicated that the sensitivity can be tuned and controlled by changing the layer numbers of graphene and MoS 2 .
Tuning and Sensitivity Enhancement of Surface Plasmon Resonance Biosensor With Graphene Covered
Au-MoS 2 -Au Films
Introduction
Surface plasma resonance (SPR) is one of the most important phenomena for biosensors, which is the product of electromagnetic energy conversion. The corresponding surface plasma wave (SPW) can be excited when incident light satisfies a certain incident condition [1] - [3] , and the excitation for SPR is usually accompanied by the appearance of the sharp reflectance dip. Recently, SPR is highly desirable for biosensors. Some advantages of the SPR biosensor have been found through practice and verifying, such as the made of the samples with no mark, real-time dynamic detection, high sensitivity and other prominent advantages. Moreover, SPR biosensor can complete detection in keeping biological cells living, which is an important improvement compare with traditional biosensors. More importantly, SPR principle also holds promise for other practical applications such as food safety [4] , [5] , environment detection, biological medicine [6] , [7] , immune adjustment, etc.
It is known that Kretschmann configuration [8] is one of the most basic SPR configurations for the biosensor, which is usually composed of a coupling prism and metal film. Biological molecules and metal film can have a process of interaction, by using this configuration to detect biological molecules. The traditional SPR configuration usually used gold (Au) [9] - [12] , silver (Ag) [13] , [14] , copper (Cu), and aluminum (Al) [15] , [16] as the metal film. However, Ag, Cu, and Al are easy to oxidize, generate oxidation film in the metal surface at room temperature, and give rise to the sensitivity decline of the biosensor. Generally, single metal film is replaced by bimetallic film [17] - [20] to prevent the oxidation of the metal, and to improve the sensitivity of the biosensor. Gold holds good chemical stability among these metals [21] , which is not easy to oxidize, and generates oxide in the metal surface. Therefore, gold is a relatively ideal metal to improve the sensitivity of biosensor. Nevertheless, gold also has some disadvantages. For example, it has lower biological molecules absorption rate [9] , which results in the lower sensitivity of biosensor. Recently, 2-D atomic materials have attracted intensive attention by researchers, especially graphene and molybdenum disulfide (MoS 2 ). Researchers have found that graphene holds extremely extensive application prospect in the field of biological sensing at present. On the one hand, graphene has high adsorption capacity on biological molecules. This is mainly because that graphene is a single two-dimensional plane of carbon atoms forming a hexagonal lattice [22] , [23] . The low biological molecules absorption of gold can be overcame by joining the graphene layer in the biosensor. Therefore, graphene layer can improve biosensor and biological molecules interaction. On the other hand, graphene which adhesion on the surface of metal can prevent the oxidation of the metal commendably [24] , even the smallest gas atoms cannot penetrate. With the development of technology for acquiring graphene, the graphene is applied more and more extensively in biosensor [25] - [29] . The sensitivity of biosensor has improved significantly by adding graphene [12] , [13] . However, the application for graphene still existing shortcomings due to the single layer graphene light absorption efficiency only 2.3% [9] . It is worth mentioning that another kind of 2-D material MoS 2 also attracts extensive attention on the biological sensor. It is known that the optical absorption efficiency of MoS 2 is higher than graphene, which is 5% [30] . This is the main reason why MoS 2 has been applied to improve the sensitivity for biosensor [31] , [32] . In some reports, both graphene and MoS 2 are used to improve the sensitivity of biosensor [33] - [36] .
In this paper, we modify the traditional SPR biosensor structure by using graphene and MoS 2 . It is deduced that the sensitivity property of the modified structure using angular interrogation may also be improved and tuned. It is found that the sensitivity can be improved greatly by using the modified structure. Besides, the number of graphene layers and MoS 2 layers for best optimization results are also clarified.
Theoretical Model and Design Consideration
We consider a modified biosensor configuration, as shown in Fig. 1 . Each layer of the materials is assumed to be stacked along the z-axis. In our structure, BK7 is chosen as coupling prism, which is covered with one layer of gold. MoS 2 layer is close to gold layer, and the other side of MoS 2 layer also connects with another gold layer. Graphene layer is used as biomolecular recognition element, which is close to the second gold layer. Besides, the thickness of two layers of gold is not the same. We set the thickness of two layers of gold as d 2 = 40 nm and d 4 = 8 nm, respectively. The thickness of MoS 2 is d 3 = S × 0.65 nm, where S is the layer number of MoS 2 sheets. Graphene is contacted with the sensing layer for increasing the ability of macromolecular adsorption of the biosensor, and the thickness of graphene is d 5 = L × 0.34 nm, where L is the layer number of graphene sheets. A TM-polarized light is assumed to be incident from one side of the prism and receive reflected light from the other side of the prism. The received data can be used to calculate the reflectivity and sensitivity of the structure.
The refraction index (n1) of BK7 layer is expressed as where λ is the wavelength of incident light in the unit of um. The Drude model [37] is used to express the refractive index of metal film (Au), n 2,
, where λ p = 1.6826 × 10 −7 m and λ c = 8.9342 × 10 −6 m is the plasma and the collision wavelengths of gold, respectively. The refractive index of MoS 2 measured by Castellanos-Gomez et al. [38] , its value is n 3 = 5.9000 + 0.8000i at λ = 633 nm. The refractive index of graphene layers stacked in the natural graphite order in the visible range was estimated to be n 5 = 3.0 + i C 1 λ/3 with C 1 ≈ 5.446 μm −1 [39] , [40] and λ is the wavelength in the unit of um. The refractive index of the sensing layer is chosen as n s = 1.33.
In order to better describe system sensing performance, we use transfer matrix method to calculate the reflectivity and sensitivity of the structure [41] . Here, the reflectance is defined as R p = |r p | 2 , where r p is the reflection coefficient of incident light. At the same time, the sensitivity can be defined as S n = δθ SPR /δn s , where δn s is the changing of the refractive index of the sensing layer, and δθ SPR is corresponding to the change in the resonance angle.
Results and Discussions
We discuss the sensitivity characteristic of biosensor of the modified Kretschmann configuration by adding MoS 2 and graphene. In order to illustrate the improvement of the sensitivity performance, we plot the reflectance of the structure as function of incident angle at the different refractive indexes of sensing materials, as shown in Fig. 2 . In Fig. 2(a) , we set S = 0 and L = 0, which means the missing of the graphene layer and the MoS 2 layer. It is clearly found that the reflectance exists a sharp dip at a certain angle range due to the excitation of SPR. This phenomenon indicates that the incident light is absorbed by biosensor configuration by the exciting SPR. While the refractive index of the sensing layer has small changes due to the molecular interaction, the resonance dip has a small excursion about δθ = 0.68
• . Therefore, we can get the sensitivity (S n = 136
• /RIU) of the structure according to the corresponding calculation expression S n = δθ SPR /δn s , and we can also find that the high sensitivity can be derived from large angle offset at the same refractive index variation. In Fig. 2(b) , we only consider the introduction of single graphene layer (S = 0 and L = 0) and without MoS 2 layer, and the other parameters are the same as before. We can find that the resonance angle offset is δθ = 0.69
• and the sensitivity is S n = 138
• /RIU. This means the sensitivity in this case is higher than that in Fig. 2(a) without the graphene. In addition, a similar situation also occurred in Fig. 2(c) by considering the MoS 2 layer and ignoring the graphene sheet, the variation of resonance angle in Fig. 2(c) is δθ = 0.72
• , and the sensitivity is S n = 144 • /RIU. Furthermore, we also plot the reflectance curve of the structure by adding the graphene layer and MoS 2 layer (S = 1 and L = 1) simultaneously. However, it amazes us that the reflectance dip is modified greatly, as shown in Fig. 2(d) . The resonance angle offset is about δθ = 0.74
• the sensitivity is S n = 148 • /RIU. By comparing the relevant data, we can find that resonance angle offset of the biosensor in our structure is larger than the traditional SPR structure due to the addition of graphene layer and the MoS 2 layer. The traditional SPR structure contains only prism and gold layer. Hence we can conclude that the sensitivity of biosensor in our structure has a great improvement compared with the traditional structure by adding graphene and MoS 2 layer.
From the analyses made above, it is clear that the sensitivity of the biosensor can be controlled by the refractive index of sensing layer. To better understand the enhancement of the sensitivity of the biosensor by graphene and MoS 2 layers, we also plot the dependence of the sensitivity of the biosensor on the refractive index of sensing layer, as shown in Fig. 3 . Here we select the sensing layer refractive index range from 1.33 to 1.36. It can be seen that as the refractive index of the sensing layer increases from 1.33 to 1.36, the sensitivity increases significantly. For example, for S = 0 & L = 0, the sensitivity increases from 135°/RIU to 173°/RIU. For the situation S = 0 and L = 1, we can find similar trends and patterns. However, on the whole, the sensitivity in this situation is higher than the situation S = 0 and L = 0. This indicates that the introduction of graphene layer can significantly improve the sensitivity of biosensor. Furthermore, we find that the MoS 2 layer has a greater contribution than graphene in the improvement of the sensitivity of biosensor. It can be clearly seen from Fig. 3 that the sensitivity increases from 144°/RIU to 190°/ RIU for S = 1 & L = 0. This is mainly because the optical absorption efficiency of MoS 2 is higher than optical absorption efficiency of graphene. Combined with previous analysis, we deduce that the sensitivity of biosensor can be further enhanced by the addition of MoS 2 layer and graphene layer simultaneously. Actually, Fig. 3 confirms this judgment. It is found that the sensitivity of biosensor shifts from 147°/RIU to 196°/RIU as the refractive index of the sensing layer increases from 1.33 to 1.36. This suggests that the addition of graphene layer and MoS 2 layer can significantly enhance the sensitivity compared with the traditional SPR structure.
In the previous analysis, we verify that the introduction of graphene and MoS 2 has great contribution to the sensitivity of biosensor. However, in addition to the introduction of graphene and MoS 2 layer to the sensitivity of biosensor, we find that it is also sensitive to the number of layers of graphene and MoS 2 layer. In order to further improve the sensitivity of biosensor, we optimize the number of the graphene and MoS 2 layer. First, we discuss the influence of the number of MoS 2 layer on the sensitivity, as shown in Fig. 4(a) . It is apparent that increasing the number of layers of MoS 2 layer can enhance the reflectance. Moreover, the reflectance dip shifts to larger incident angle with the increased number of the MoS 2 layer, which also implies that the sensitivity of biosensor can be engineered by manipulating the number of layers of MoS 2 layer. Similar trends are also well suited to the influence of graphene layers, as shown in Fig. 4(b) . The reflectance dip also shifts to larger incident angle with the increased number of the graphene layer. Besides, the shift range becomes larger and larger with the increase of the graphene layers. Compare the two illustrations in Fig. 4(a) and (b), we can draw the following conclusions: First, the resonance angle offset by the increasing of the MoS 2 layers number is larger than the addition of the number of graphene layers. Secondly, the optical energy loss caused by increasing the number of MoS 2 layers is more serious than adding the number of graphene layers. Thirdly, it can be clearly seen from Fig. 4(a) and (b) that the reflectance curve width becomes wider and wider with the increasing number of MoS 2 layers and graphene layers. This phenomenon means it is more difficult to measure near the resonance angle, thereby affecting the accuracy of the biosensor measurement. Thus, we can conclude that one cannot blindly increase the number of MoS 2 layers and graphene layers for the optimization of the sensitivity of biosensor.
Based on previous discussion, we find that the MoS 2 and graphene layer can be used to enhance the sensitivity of biosensor. Besides, we also illustrate that the optical absorption efficiency of MoS 2 layer is higher than graphene layer. This property leads to the effect of the MoS 2 layer on the reflectance by increasing the number of layers is larger than that of graphene. Therefore, it has a prior optimization for the number of MoS 2 layers of the biosensor. The optimization for the number of graphene layers can be determined after the determination of the number of MoS 2 layers. Based on this premise, we first plot the dependences of the sensitivity of the biosensor on the number of MoS 2 layer, as shown in Fig. 5(a) . The other parameters are the same as before. It is seen that the sensitivity of biosensor is not a monotone function. We can find that the sensitivity of biosensor first increases and then decreases with the increase of the number of MoS 2 layer from 1 to 9, and the maximum sensitivity appears at 4 layer. The maximum value of the sensitivity of the biosensor is about 182
• /RI U when S = 4. The main reason for this phenomenon is that the light utilization rate decreases with the increase of the number of MoS 2 layers. Hence, the number of MoS 2 layers cannot be increased indefinitely and it has an optimal value. When we optimize the number of graphene layers, we set S = 4. We also plot the dependences of the sensitivity of the biosensor on the number of graphene layers, as shown in Fig. 5(b) . Different from the situation in Fig. 5(a) , the sensitivity of biosensor is a monotone decreasing trend. This suggests we just need to choose L = 1 for getting a maximum value of the sensitivity of the biosensor. Overall speaking, after optimization the maximum sensitivity of the biosensor is about 182
• /RI U with S = 4 and L = 1. The influence of the number of MoS 2 layers and number of graphene layers on the sensitivity of sensor is given in the supporting information. All of the work above is discussed in the operating wavelength λ = 633 nm, but in practical applications, the other wavelengths of light are also suitable for the proposed structure. The influence of the different wavelengths on the sensitivity of sensor has been discussed in the supporting information.
Conclusion
In conclusion, we have theoretically investigated a new type of biosensor structure based on Kretschmann configuration with the insertion of MoS 2 layer and graphene layer. It is found that the introduction of MoS 2 layer and graphene layer can significantly improve the sensitivity of the biosensor. More importantly, we have shown by analyses that the sensitivity of the biosensor can be enhanced and tuned by changing the number of MoS 2 layer and graphene layer in modified structure. Theoretical analysis reveals that the optical energy loss of the MoS 2 layer and graphene layer is the main contribution to enhance the sensitivity of the biosensor. Besides, an optimization collocation for getting the maximum sensitivity of the biosensor is clarified.
